Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2022 d0i:10.20944/preprints202203.0369.v1

On the essential role of SARS-CoV-2 localization in the nasopharynx and intestines in
the pathogenesis of COVID-19

Akberdin llya R.c%¢ | Afonyushkin Vasiliy N.2*¢ | Kozlova Yulia N.?, Shchukin Ivan A. ¢,
Mironova Tatyana E. 9, Bobikova Anna S.29, Cherepushkina Viktoriya S.2, Donchenko
Nikolaj A.2¢, Poletaeva Yulia E.°, Kolpakov Fedor A. 9¢f

2 Siberian Federal Scientific Center of Agro-BioTechnologies of the Russian Academy of Sciences, 630501,
Krasnoobsk, Russia

b Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian Academy of
Sciences, 630090, Novosibirsk, Russia

¢ Novosibirsk State University, 630090, Novosibirsk, Russia

¢ LLC "Biosoft.RU", 630090, Novosibirsk, Russia

¢ University Sirius, 354340 Sochi, Russia

f Federal Research Center for Information and Computing Technologies, 630010, Novosibirsk, Russia

9 Federal State Educational Institution of Higher Professional Education "Novosibirsk State Agrarian University",
630039, Novosibirsk, Russia

Abstract

Patients with COVID-19 may develop pneumonia, severe symptoms of acute respiratory distress syndrome,
and multiple organ failure. Nevertheless, the variety of forms of this disease, requires further research on the
pathogenesis of this disease. Based on the analysis of published data on the concentrations of SARS-CoV-2
in biological fluids of the nasopharynx, lungs and intestines and using a developed modular model of the
virus distribution in human tissue and organs, an assessment of the SARS-CoV-2 reproduction in various
compartments of the body is presented. Most of viral particles can enter into the esophagus from
nasopharynx. Entering viral particles into the gastrointestinal tract will obviously be accompanied by
infection of the intestinal epithelium and accumulation of the virus in the intestinal lumen in an amount
proportional their secretory and protein-synthetic activities. The relatively low concentration of SARS-CoV-
2 in tissues implies an essential role of transport processes and redistribution of the virus from nasopharynx
and intestines to lungs. The model simulations also supposes that sanitation of the nasopharynx mucosa at
the initial stage of the infectious process considering inhibition of the virus accumulation by means of cellular
and humoral responses has prospects for the use in medicine practice.

Key words: SARS-CoV-2, COVID-19, immunology, nasopharynx, intestines, lungs, mathematical modeling,
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Introduction

The current state of, and predictions for, the SARS-CoV-2 pandemic constitute unprecedented threats
to humanity both in public health and economic terms.The number of people infected with severe acute
respiratory syndrome caused by coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19, is growing

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202203.0369.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2022 d0i:10.20944/preprints202203.0369.v1

rapidly worldwide. Patients with COVID-19 may develop pneumonia [1, 2], severe symptoms of acute
respiratory distress syndrome (ARDS), and multiple organ failure [1, 3]. Extraordinary research efforts have
taken place to investigate molecular mechanisms of COVID-19 pathogenesis, virus-host interactions and
develop effective treatment drugs as well as vaccines in order to curb the spread of the pandemic since early
2020.

Primary contact with the virus occurs mainly through airborne droplets. When inhaled, the main part
of the microbial-viral aerosol is deposited on the surface of the nasal mucosa. However, some aerosol particles
can enter the trachea and bronchi and multiply in ciliary and secretory cells [4]. Since the upper respiratory
tract is quite efficiently capable of eliminating viral particles due to the activity of the mucociliary apparatus,
the bulk of the viral particles should enter the nasopharynx. Due to the fact that the virus is firstly able to be
released into the external environment by means of the mechanisms of secretion, the role of secreting cells,
in particular, cells secreting mucin seems to be decisive in the accumulation of viral particles in the phase of
the immune response [4]. The presence of both the ACEII receptor and the serine protease TMPRSS2 in
goblet cells also suggests a crucial role in the accumulation of SARS-CoV-2 in the body of mucin-secreting
mucous membrane cells [4, 5, 6]. The most intensive synthesis of secreted mucins occurs in the epithelium
of the nasopharyngeal region [7], intestines, and salivary glands. It can be assumed that the synthesis and
secretion of viral proteins and viral particles should correlate with the activity of the protein-synthetic and
secretory apparatus of the cell. The published data on the distribution of SARS-CoV-2 in the body, at the
initial stage of the infectious process, seems to be little objective and disputed (controversial). The
possibilities of in vivo detection of the virus in the human lungs and small intestine are very limited. The
analysis of the viral reproduction activity should also take into account the differences in the kinetics of
protein synthesis and secretion of cells affected by the virus in different organs and tissues of the organism.

Herein, we describe a new multicompartmental model representing the SARS-CoV-2 de novo
infection, virus production and distribution among three human organs where the virus is mostly abundant
according to the experimental data. The model takes into account action of three different therapies providing
more insights into the SARS-CoV-2 pathogenesis and may be in silico test site for development of the most
effective and precise antiviral therapy. Furhemore, using the sensitivity analysis we have established that the
fraction of uninfected target cells is sensitive to different set of parameters depending on the compartment.
Results of the analysis suggest a treatment strategy in inactivating the SARS-CoV-2 virus at initial stage of
the infection via the nasopharyngeal gate.

Material and methods

Mathematical modeling

The multi-compartmental model of the infectious process has been built using a modular approach
implemented in the BioUML platform which supports main standards of the systems biology, modular and
visual modeling [8]. In the frame of the approach the biological system is considered as a set of interconnected
subsystems or modules. Each module is a mathematical model which can be investigated and simulated
independently. Integration of these modules results in a more complex model of the whole system. Modules
may leverage different mathematical formalisms and scales and may be viewed as replaceable parts. Modules
provide explicit interfaces (variables and constant parameters) represented by ports and through which they
can be connected without exposing their inner structure. According to the methodology of the model
development process, the presented integrated model and all submodels have been constructed as visual
diagrams, where each component of the diagram represents a corresponding mathematical object like
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variable, reaction, equation. The visual representation as well as defined properties of diagram elements are
the basis for automatic generation of the corresponding Java code that is used to simulate the model in
BioUML. All methodological details on visual modular modeling implemented in the platform are presented
in the recent publication [9].

The modular model describes the accumulation and degradation of viral particles in the nasopharynx,
intestines and lungs, including the transport processes of viral particles along the gastrointestinal tract and
circulatory system, which also affect dynamics of changes in the viral load in these organs (or compartments
in the model) of the body.

The developed model consists of five modules: three modules represent the infection of sensitive cells
with the SARS-CoV-2 virus and its reproduction in the corresponding compartment (hasopharynx, NP;
intestine, Intestine; lungs, Lung), and two virus transport modules from NP to Intestine and Lung (Transport
from NP to Intestine and Lung) and through the bloodstream from Intestine to Lung (Transport from Intestine
to Lung) (Fig. 1).
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Fig. 1. The developed multicompartmental model of the SARS-CoV-2 infection processes and distribution among three
human organs taking into account the virus reproduction in each compartment and viral transport between them. Gray
circles are contact ports representing the interface of the module through which it can be connected with other modules
or with the integrated model itself.

In each compartment, the model describes the primary entry of the virus into the compartment, the
change in the proportion of susceptible cells (which decreases over time, as the cells become infected with
the virus) and the number of viral particles due to the processes of replication, degradation and transport of
the virus from/to other compartments (Fig. 2). The kinetic laws of the simulated processes and majority of
the parameter values originated from the recently published quantitative model used to compare within-host
SARS-CoV-2, MERS-CoV, and SARS-CoV dynamics [10].
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Fig. 2. Schematic diagram describing the multiplication and inactivation of the virus in a certain compartment (the NP
module is shown as an example), in the SBGN format [8]."Fraction of target cells" is the proportion of cells sensitive
to the infection, "Virus" is the number of viral particles in a given compartment of the model. The vertices in the
bipartite graph in the form of white squares correspond to the reactions in the model, the rate equations of which are
given below in the system of ordinary differential equations. To account for the transport of viral particles from the NP
module to the Intestine and Lung, a “contact”-type port (gray colour) is used within the modular approach in BioUML.

The developed modular model of the virus infection and distribution between three compartments is
described as a system consisting of six differential equations with delay arguments and 22 kinetic parameters
(Table 1):
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E = Ktran * Vnp(t - Ttan) + KtrlL * Vl(t - TtIL) + (1 —Ex Hl) *(1- T,] * Hp) * yp * fL * VL(t - TT'L)
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Where:

np, L, | - nasopharynx, lungs, and intestines, respectively;

pBi - the rate constant of the virus infection in the corresponding compartment;

vi - the maximum rate constant of the virus replication depending on the compartment;

di - the death rate of infected cells (and viral particles in these cells, respectively);

fi - the proportion of cells sensitive to infection;

Vi - the number of viral particles in the corresponding compartment;

ri, Tdi, Tt - time delay parameters associated with the processes of replication and assembly of the
viral particles; degradation of infected cells and viral particles, including the impact of cellular and
humoral immune-mediated responses; transport of viral particles from one compartment to another
(t7p,- transport from NP to Intestine; tr,,, - transport from NP to Lung; tr;, - transport from Intestine
to Lung), respectively;

€, N, 0 - constants of the effectiveness of external and/or additional factors limiting the infectious
process (0 <g, 1}, 6<1): € = 1 corresponds to the complete suppression of the mechanisms of cell
infection; 1| = 1 reflects 100% efficiency of the inhibition of viral replication and assembly of viral
particles in infected cells; 6 = 1 denotes the cytotoxic activity of effector T cells/drugs.

H1, H2, H3 - Heaviside step functions, i.e. H (t) = 0 if t <t'; otherwise H (t) = 1; where t' corresponds
to the inhibition of infection, replication and assembly of viral particles, activation of the cytotoxicity
of an infected cell, or a combination of these factors.

Table 1. Kinetic parameters of the modular model of SARS-CoV-2 infection and distribution between the three

compartments.
Parameter The value Units of measure References
B 5.2*107° (copies/ml)*days™ [10]
B, 5.2*10° (copies/ml)*days™ assumption [10, 11, 12]
B, 5.2*10° (copies/ml)*days™ assumption [10, 11, 12]
Vs 4.0 day! [10]
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¥, 5.0 day? assumption
v, 1.0-2.0 day? assumption
Snf 0.23-0.93) day* [10]
5 0.46 day! assumption [11]
5, 0.046 day*! assumption [12]
Vs 100-100000 copies/ml assumption
Tros 0.05 day [13]
Ty 0.05 day [13]
Ty, 0.05; 0.5 h (replication) +1 h day [13]
(budding) = 0.0625 days
Ty 0.1 day assumption
Tq, 0.1 day assumption
T4, 0.1 day assumption
Tty 0.05 day assumption
Tt npy 0.05 day assumption
T, 0.05 day assumption
s 0.6 day? assumption, [14]
g 0.03-0,00048 day*! assumption/experimental
model
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KtrzL 0.03- 0,0001 day? assumption; experiment
6, 0.3-0.8 dimensionsless assumption
6, 0.8 dimensionsless assumption
Onp 0.53-0.8 dimensionsless assumption
el 0.5-0.995 dimensionsless assumption
el 0.9-0.995 dimensionsless assumption
eNP 0.7-0.995 dimensionsless assumption
timeg, 13 day [15]
timeg, 8 day
timeg, , 6 day [15]
time,, 1-14 day
timeg, 9 day
timee,,, 1-7 day [15]

Besides the use of previously published kinetic parameters’ values (Table 1), we employed expert
evaluation for unknown parameters in order to fit the simulated viral load dynamics to experimental data
[10]. The value of the maximum rate constant for viral replication in the nasopharynx, ynp was originated
from the study [10] and equals 4.0 day™, while the parameter value in the intestine was higher (5.0 day™) due
to greater ability of the intestinal mucosa to protein synthesis and cell division [11]. The maximum constant
rate for viral replication in the lung has to be 10 times less than in the intestine. However, the parameter value
in the lung was increased (Table 1) due to the model does not consider a significantly lower rate of the viral
elimination from the lung alveoli.


https://doi.org/10.20944/preprints202203.0369.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2022 d0i:10.20944/preprints202203.0369.v1

€ indicates reactions of the humoral immune response and the time of its activation’s initiation,
time, differs between compartments depending on the time frame of the virus emergence in corresponding

compartments. The virus appears in the lung later than in the nasopharynx that supposes delayed humoral
response in this compartment. The time frame of the response initiation in the intestine specifies as the most
late due to the substantial probability of the immune response by type of nutritional tolerance because of T-
regulatory lymphocytes accumulation.

0 represents T-cellular immune response. The order of the response corresponds to the humoral
responses order in investigated compartments. The time frames of the T-cellular response in each module are
earlier than for the humoral response because the process of antibodies accumulation requires more time.

Values of € and 6 parameters depend on the compartmental identity in the manner: iLung > ine >ii
where i € (¢; 0), while values of the § parameters depend on the identity in the opposite manner: ij > inp >
iLung - The greatest value of the parameter is in the intestine due to the initially fast renewal rate of the intestinal
mucosa (no more than three days), while the parameter value in the nasopharynx is lower because of lesser
renewal rate of multilayered epithelium.

Transport rate constant K;,- for the virus transport from the nasopharynx to intestine limited only by

virus preservation in the acidic gastric medium [16] has the greatest value, while the parameter value of the
virus transfer from the intestine to the lung via blood and lymphatic systems was experimentally measured
(see below). The value of K;,- representing transport from the nasopharynx to the lung is lesser than in the

intestine due to more pronounced barrier properties of the nasopharynx mucosa compared to the intestinal.

Model simulation and sensitivity analysis in BioUML

We numerically solved the model equations by using an ordinary differential equation JVode solver
built-in the BioUML with default settings and time increment equals to 0.1 day. Sensitivity analysis [17]
implemented in the platform was utilized to investigate the effect of parameter change on the model solution
considering the target cell ratio (fi ) in each model compartment as target variables (Table 1). According to
the basic, the method calculates sensitivity measures associated with the steady state of a spatially

homogeneous reaction system:

S=flchkt) c(0)=c°
where c is the n-vector of concentrations and k is the m-vector of system parameters, while t (time) is the
variable of integration. In this case, the local unscaled sensitivities % are calculated via finite difference

4

approximations:
dc _ Css(ki +A ki) - Css(ki)
ak; Ak;
where ¢4 (k;) and cgs(k; +A k;) indicate solutions of the algebraic systems f(c, k;) and f(c, k; +A k;)
of the

c
ki

correspondingly, while the scaled sensitivities are calculated by multiplying each component Z
ki
c%ss(ky)

vector % by the normalization factor . As a result of the analysis, we used the scaled sensitivity

measures (see below).

Mathematical modeling of sanitation with virucidal medications of the nasopharynx and intestines
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To investigate the effect of sanitation by virucidal medications in different compartments of the body
on the viral dynamics, we increased the value of parameter € up to 0.995 indicating 99.5 % efficiency of the
de novo infection blocking and set the time frame of its activation to the first day post-infection (in
nasopharynx only (Case 1) and in both compartments (Case 2). To computationally estimate the effect on the
outcome of the dynamics, simulations were performed using different initial infection doses: from 102 to 10°
viral particles.

Evaluation of the transfer efficiency of model viral particles from the nasopharynx to the esophagus
and trachea, with airborne infection

Spraying of the bacteriophage MS2 virus, which is used as a model virus for airborne transmission of
SARS-CoV-2 [15], was performed on Balb/c mice (n=12) in an aerosol chamber with a volume of 1 m*. An
nebulizer NEB Pro (MicroLife) was used to generate the aerosol. The average droplet size was 10.15 um. 9
ml of bacteriophage MS2 suspension at a concentration of 2x108 PFU/mI had been sprayed for 40 minutes.
The final concentration of the bacteriophage was 1.8x10° PFU/litre of the air.

The culture of E. coli CEMTK 3877 (collection of extremophilic microorganisms of ICBFM) was
used as a test strain.

One group of mice (Balb/c, males, n=6) were taken out of the experiment post 1 hour after
bacteriophage spraying, while the second one (n=6) was taken out of the experiment post 2 hours and 30
minutes after the spraying. The trachea, esophagus and lung were taken, blood samples were also taken from
the left and right ventricles of the heart, the average time for sampling was 15 minutes. The organ was
homogenized using ceramic beads, serial dilutions of the homogenate were made. The bacteriophage
concentration was determined by the Gracia method.

Experimental evaluation of the efficiency of viral particles transport from the intestines to the lungs
through the circulatory and lymphatic systems

Bacteriophage ph 57 (deposited in the collection of Extremophilic Microorganisms and Type Cultures
of the Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of the Russian
Academy of Sciences, registration number WFCC #974) [19] was used as an in vivo model to assess the
efficiency of transport of viral particles from the intestines [18] to the lungs circulatory system - — [] 000y

while P. aeruginosa (WFCC #670) cell culture was employed to determine phage particle activity. The
bacteriophage was once administered intragastrically to Balb/c mice (n=12) using a special probe at a dose
of 200 pl per animal. The initial concentration of the bacteriophage was 1.8x108 PFU/mI. A group of mice
was taken out of the experiment after 2 hours. The organs were homogenized using ceramic beads, serial
dilutions of the homogenate were made. The residual concentration of bacteriophage inoculations was
determined in 10-fold dilutions. The survival rate of phage particles was determined by the method of two-
layer agar (Grazia method). The studies were carried out at room temperature (30 + 2 °C). All experiments
were performed in triplicate.

Statistical data processing

The data were processed by the methods of variational and nonparametric statistics. The level of
statistical significance of differences was assessed using Student's t-test and Mann Whitney (p-value <0.05
was considered as statistically significant).

Approval of animal experiments by the ethical committee
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The experimental protocol involving animals was reviewed and approved by the Ethical Committee
of Novosibirsk State Agrarian University of Siberian Federal Scientific Center of Agro-BioTechnologies of
the Russian Academy of Sciences CM K PO 15-01-2019/No.3 of 10.03.2021.

Results

Viral particles distribution in trachea, lungs and esophagus after airborne infection

After contact of mice with an aerosol of a model virus (bacteriophage MS2) at the initial concentration
of 1.8x10°% PFU/L, the bacteriophage concentration statistically significantly decreases by 0.61 Log10, (U
emp = 3 (p-value<0.01)) post 1.5 hours as follows from Table 2. The data allow us to propose the
effectiveness of the mucociliary clearance that reduces the concentration of viral particles in the trachea by
2.6 times in 1 hour.

The number of bacteriophages in the lungs was higher than in the trachea. However, statistically
significant reduce of the bacteriophage was not observed (see Table 2). According to the experimental model,
no more than 3837 viral particles per hour can be eliminated from one lung via mucociliary clearance of the
bronchial airway. The possible rate of the virus elimination for the lungs was no more than 1,21% of the
detected number of viral particles in the lungs per hour.

Table 2. Concentrations of bacteriophage MS2 (Log10 PFU/mI) in lungs, esophagus and trachea of mice post 1 and
2.5 hours of the inoculation onset.

The duration of

the experiment 1h 2h 30 min

Organs Lung Trachea Esophagus Lung Trachea Esophagus
M+SD 5,502+0,403 | 4,282+0,19 | 3,269+0,587 | 5,116+0,406 | 3,672+0,407 | 3,279+0,348
Ccv 7,33 4,58 17,957 7,941 11,083 10,62
m 0,1648 0,08 0,239 0,165 0,166 0,142
p-value (T-test) 0,064 0,0039 0,4842

Furthermore, there is a trend of bacteriophage concentration reduction in the trachea by 0,61 Log10
post 1.5 hours (p-value <0.01), while the trend is not observed in the oesophagus. The latter creates
prerequisites for long-term transport of viral particles from the nasopharynx to the esophagus after aerosol
and/or airborne droplet infection.
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The efficiency of the viral particles transport from the intestines to the lungs

According to the experimental results, the appearance of Ph57 bacteriophage (Fig 3 a, b) in the lungs
was observed within an hour post-onset intragastric administration of the bacteriophage. More than 6000
bacteriophage particles were found in the gastrointestinal tract of the experimental mice 1 hour later. Up to
3.65% of the bacteriophage (out of 7001 phage particles surviving after passing through the stomach) was
detected in the lungs of mice with normal mucosal permeability. Thus, the ratio of bacteriophage numbers in
the lungs to ones in the gastrointestinal tract was 1:256.08 +168 (M + SD) for an hour.

Fig. 3 An electron micrograph of a bacteriophage Ph 57 particle. Uranyl acetate staining method (a) and morphology
of negative colonies of bacteriophage Ph 57 on a matte background of P. aeruginosa CEMTK 670 culture (b).

Model simulations of SARS-CoV-2 viral dynamics and distribution of the viral particles in different human
organs and tissues

The main factor limiting the multiplication of the virus in each of the compartments is a decrease in
a certain proportion of susceptible cells during the infection. At the initial stage of the infectious process, the
penetration of the virus into a cell with an ACE2 receptor and a TMPRSS2 protease implies the formation of
an appropriate amount of viral particles per unit of time. As the proportion of infected cells increases, the risk
of entering an already infected cell proportionally increases. Of course, in this situation, an additional amount
of viral particles can no longer be formed. Self-purification of the analyzed compartments due to the processes
of renewal and degradation in this model does not change over time, but the effects of this process are summed
up with a decrease in the efficiency of cell infection. The original data on the efficiency of the viral particles
transport considering experimental bacteriophage models enables us to assume a more significant effect of
the transport processes on the viral titer in lungs.

Based on the developed model and parameter values (Table 1), we conducted in silico experiments to
investigate: 1) the effect of the transport processes on the viral load in each of the compartments; 2) the effect
of an initial number of viruses infecting the epithelial cells of the nasopharynx, and 3) considering promoting
cytotoxicity as an additional antiviral mechanism mediated by cytotoxic T lymphocytes and natural killer
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cells (T-cellular response). In the first two cases, the basic antiviral mechanism was blocking de novo
infection induced by neutralizing antibodies (B-cellular response) in different days post-infection depending
on the compartment (see Table 1).

According to the model simulation results, the change in values of transport parameters from the
nasopharyngeal region to the lung and from the intestine to the lung can significantly alter the trajectory of
the viral load in all compartments (Fig. 4). Higher transport efficacy results in better outcomes of the disease
suggesting complete viral clearance in the nasopharynx and the intestine on 15 and 30 days post-infection
respectively. Moreover, the model also predicts the significant decline of the viral load in the lung under
higher transport efficacy at the same time frame, while lower transport efficacy leads to the time shift of the
peak viral load and more prolonged virus reproduction in the lung.
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Fig. 4. Predicted viral load trajectories in the nasopharyngeal region (NP, blue curve), gastrointestinal tract (Intestine,
red curve) and lungs (Lung, orange curve) are shown. The dashed vertical lines correspond to the timing of humoral
immune response initiation in a certain compartment (the colour of the dotted line corresponds to the colour of the viral
trajectory in the compartment). The initial viral load is 100 viral particles in the NP. Y-axis - log10 of viral load
(copies/ml), X-axis - days from the moment of infection. A) values of the transport parameters correspond to the default
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values from Table 1; B) values of the transport parameters from the nasopharyngeal region to the lungs and from the
intestine to the lung were reduced 100 times; C) values of the transport parameters from the nasopharyngeal region to
the lungs and from the intestine to the lung were increased 100 times.

The dose of infection, or the efficiency of accumulation of viral particles at the gate of infection,
according to the results of mathematical modeling, should have a nonlinear effect on further development of
the infectious process. A small dose of infection increases the length of the incubation period (Fig. 5a) and
creates the prospects for the appearance of class A immunoglobulins on the mucous membranes with a
minimum amount of virus entering the lungs through the circulatory system. At the same time, the immune
response formed in the intestine will outpace the response of the immune system in the lungs by two days,
which can potentially lead to suppression of the immune response in the lungs and the development of an
asymptomatic form of pneumonia (but with a limited viral load at the initial stage). An increase in the
infection dose by a factor of 1000 (Fig.5¢) leads to synchronization of the accumulation of the virus in the
nasopharynx and intestines and a higher total dose of virus accumulation in the lungs (which is estimated as
the area under the curve (AUC)) at the time of the formation of a specific immune response and, accordingly,
a more extensive inflammatory process.
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Fig. 5. Predicted viral load trajectories in the nasopharyngeal region (NP, blue curve), gastrointestinal tract (Intestine,
red curve) and lungs (Lung, orange curve) are shown. The time of humoral immune response initiation in each
compartment is the same as in Figure 3. The initial viral load is varied in the NP. Y-axis - log10 of viral load (copies/ml),
X-axis - days from the moment of infection. A) the initial dose of the viral particles corresponds to 10%; B) the initial
dose is 10% and C) the initial dose is 10*.
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Eventually, we simulate the effect of combining cellular and humoral immune responses blocking de
novo infection and promoting cytotoxicity (Figure 6). The combining effect of responses results in more rapid
decay in viral load in all compartments. Moreover, the immune response mediated by cytotoxic T
lymphocytes and natural killer cells and initiated after the viral load peak in each compartment can still reduce
the AUC implying the crucial and most prominent effect of the T-cellular immune response in the viral
clearance.

&

N

LOG10 (Viral RNA load, copies/ml)
- w

30

e mm m m mm m mm mm m mm f mm mm mm mm mm mm  me mm mm mm mm — —

LOG10 (Viral RNA load, copies/ml)

I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 3c
days post-infection

Figure 6. Predicted viral load trajectories in the nasopharyngeal region (NP, blue curve), gastrointestinal tract
(Intestine, red curve) and lungs (Lung, orange curve) depending on the consideration of the T-cellular response are
shown. The dashed vertical lines correspond to the timing of humoral immune response initiation in a certain
compartment, while dash-dotted lines represent the initiation of T-cellular immune response in a certain (the colour of
the dashed and dash-dotted lines correspond to the colour of the viral trajectory in the compartment)The initial viral
load is 100 viral particles in the NP. Y-axis - 10g10 of viral load (copies/ml), X-axis - days from the moment of infection.
A) only B-cellular response is involved in the virus clearance; B) B- and T-cellular responses are activated.
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Sensitivity analysis of the model

Using sensitivity analysis we have determined to which model parameters the uninfected target cell
proportion in each compartment is more sensitive. Such analysis tells us the importance of each parameter
on the infectious process in the corresponding compartment. Figure 7 presents results of the analysis and
demonstrates sensitivity indices of the model with respect to f; in a certain module. From the figure it is clear
that the variable is the most sensitive to the maximum rate constant for viral replication, Vas- It indicates that

an increase in the parameter value will be followed by an immediate decrease in the proportion of uninfected
target cells. Moreover, the variable is significantly sensitive to the transport rate constant, Ktrnf,' meaning

that faster transport of the virus from the nasopharynx to the intestine can lead to more target cells in the
former remain uninfected. It is also intriguing that the proportion of uninfected target cells in the compartment
is sensitive to the time frame of the humoral response initiation in the nasopharynx. The obtained result
suggests a strategy to control the initial stage of the infection in an organism via a drug improving humoral
response initiation in the nasopharynx.

The fraction of target cells that remain uninfected in the intestine, in turn, is the most sensitive to the
death rate of infected cells (and viral particles in these intestine cells, respectively), §;. It indicates that
renewal processes of the intestinal mucosa may play an essential role in the infection dynamics in the
intestine. The interesting aspect of the analysis for the compartment is the sensitivity of the intestinal fraction
to the SARS-CoV-2 life cycle in the nasopharynx (infection and replication rate constants, S, and Vg » 88
well as the death rate, §,,¢). The result also confirms potential benefit of an infection control strategy via the
gate of infection, nasopharynx. Eventually, the fraction of uninfected lung cells is also sensitive to the virus
replication in the compartment, y , but the variable in the lung is mostly sensitive to the effectiveness of the
humoral response, €L, blocking de novo infection and time frame of the response, time,, . So, the infection

dynamics in the lung is mainly determined by the humoral immune response and its onset proposing the
treatment way in combating SARS-CoV-2 in human lungs.
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Sanitation of the intestines and nasopharynx with virucidal drugs

The results of the model simulation of the sanitation with virucidal medicines of the nasopharynx only
(Case 1) and of both the nasopharynx and intestines (Case 2) are summarized in the Table 3. It is shown that
the sanitations significanty decrease the viral load in corresponding compartment. However, there is no
statistically significant decline of the viral load in the lungs in both cases.

Table 3. The viral peak load and day post-infection during the suppression of virus accumulation in the nasopharynx
only (Case 1) and in both compartments (Case 2).

Control Case 1 Case 2
Dose of the
infection, Nasophary Intestin [ Lu | Nasopha | Intest
Logl0 PFU | Nasopharynx | Intestine Lungs nx e ngs [ rynx ine Lungs
1,69 55 5,75 4,75 3,7 57| 47 3,7 55 4,25
4,7
2 5,5 5,8 4,8 3,2 5,8 5 4 5,5 4,35
2,69 55 58 4,85 4,8 585| 48 4,6 5,7 4,7
3 5,5 58 4,9 4,25 585| 4,8 4,7 5,75 4,8
3,69 5,51 58 5 4,8 585| 48 4,7 4,7 4,8
4.7
M 5,502 5,79 4,86 4,15 5,81 7 434 543 4,58
0,04
SD 0,004 0,022 0,096 0,700 0,065 | 5 0,462 | 0,424 0,261
p-value (T-
test: Casel
vs Control) 0,00128 0,26730 | 0,04717
p-value (T-
test: Case2
vs Control) 0,00025 0,04717 | 0,02733

Note: in the experiment, y = 1.0; epsilon = 0.995, one day after the onset of infection; SD - standard deviation; M -
medium.
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Discussion

Presented results of the model analysis and conducted experiments with bacteriophages
biodistribution drive us to formulate the next scheme of the COVID-19 pathogenesis in humans.

Airborne infection involves the predominant entry of SARS-CoV-2 viral particles into the
nasopharyngeal region of the upper respiratory tract, followed by reproduction and transport of viral particles
into the esophagus. The viral particles that have entered into the trachea and bronchi will be eliminated from
the trachea to the oral cavity and transfer to the gastrointestinal tract, but not into the lungs as follows from
the experiment with viral particles that are not capable to replicate in cells of the mice (Table 2). Furthermore,
experimental results on the bacteriophages [20] biodistribution demonstrates a rapid decrease in the
concentration of bacteriophage by 4 times in the tracheal mucosa. This outcome can be explained by a
combination of two factors: 1 - cessation of the entry of new portions of viral particles with aerosol into the
trachea, 2 - active elimination of viral particles from the trachea into the nasopharynx and esophagus.

The amount of bacteriophage in the lungs, on average, statistically insignificantly decreased by 2.5
times at the same time frame that can be potentially explained by the both passive sorption and phagocytosis
of antigenically distinct particles. Considering this experiment as a model of COVID-19 to infect the bronchi
by the viral particles, the viruses must increase their numbers 3 times per hour (on average) to ensure
reproduction and further dissemination along the bronchial tree to the lungs [21]. The result does not
contradict the published data [22]. The entry of viral particles into the lungs with an aerosol significantly
reduces the requirements for the rate of virus reproduction due to a significantly lower rate of renewal of
respiratory epithelial cells [11].

We also believe that any infection transmitted by airborne droplets will be accompanied by the entry
of a significant part of the viral particles into the gastrointestinal tract. The resistance of viral agents to gastric
juice will determine the likelihood of cells infection in the gastrointestinal tract. The published data has
already shown the high resistance of SARS-CoV-2 to the acidic environment of the stomach [16].

Another important factor is the low efficiency of reproduction of the SARS- CoV-2 virus in the
bronchi and trachea. This fact, in our opinion, determines the large contribution of the transport processes of
viral particles from the compartments of the body with high synthetic efficiency and secretion of proteins
(including viral ones) to the compartment in which the efficiency of regeneration of damaged cells is low,
i.e. into the lungs.

The mucous membrane in the area of the nose and nasal sinuses occupAs follows from the

simulation results, the concentration of viral particles in 1 ml of nasopharyngeal fluid reaches 5.5 Log10 viral
particles per 1 ml (Figures 4, 5). In general, this does not contradict the published data. The SARS-CoV-2
virus was detected in saliva at concentrations of 10*-102 RNA copies per 1 ml of saliva [23]; the average
saliva production in an adult is 1-1.5 liters per day [24].

Based on these data, we can calculate that with the participation of the salivary glands and goblet cells
producing mucin in the stratified non-keratinizing epithelium of the oral cavity, up to 10”-10* viral particles
should be formed per day, most of which should enter the esophagus and/or enter the contact with
immunocompetent cells of the nasopharyngeal region. The average daily volume of mucus produced by the

bronchi and tracheal mucosa ranges from 10 to 100 ml [25]; the concentration of the virus in the broncho-
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alveolar lavage can fluctuate between 2x10°-2.6x108 copies of viral RNA in 1 ml, that is, the daily isolation
of the virus can reach values of 10%-10'° copies of viral RNA, provided there is a significant proportion of
bronchi infected with the virus. Experiments with organ cultures show that the concentration of viral particles
in 1 ml of culture fluid can be 10*° copies of viral RNA [6, 10], and these values are clearly lower than those
obtained when testing swabs.

ies an area of 120-200 cm? [21, 26], up to 15% of cells can be occupied by Goblet cells [7, 26],
including those capable of producing SARS-CoV-2 [4] and mucin. The total production of mucus by the
upper respiratory tract is up to 2 liters, which provide mucociliary clearance, in the process of passing through
the upper respiratory tract ~ 12 m?® of air per day [7, 24]. If we subtract from the total volume of mucus, mucus
from the trachea and saliva, then we can assume the production of ~ 400-500 ml of fluid by the
nasopharyngeal region per day. Most of the mucus, apparently, dries up, moistening the incoming air, and
part of the mucus from the deep parts of the nasal sinuses also flows down to the pharynx, contacting with
tonsils. At the initial phase of the infectious process (4-5 days from the onset of symptoms), the concentration
of the virus in the nasopharyngeal region can reach 108 copies of viral RNA per 1 ml [27], which should
correspond to the daily production of the virus in the amount of ~ 101°-10'! copies of viral RNA.

Since the bulk of the broncho-tracheal, nasal mucus and saliva, together with ~ 10! copies of the
virus, for a long time, enters the esophagus, it can be confidently stated that after the development of a local
infectious process in the nasopharyngeal region, subsequent infection should affect the gastrointestinal
mucosa, not the lungs. Dynamics of the accumulation of SARS-CoV-2 in the lungs and nasopharynx, in
general, reflects this assumption (Figure 4). As follows from the proposed model (Figure 4), a lower
efficiency of virus transport from the nasopharyngeal region and intestine (through the circulatory system) to
the lungs compared to the transmission of the virus from the nasopharynx and oral cavity to the intestine
(with saliva and mucus) is evident. In this case, the anticipatory accumulation of SARS-CoV-2 in the intestine
relative to the lungs does not contradict the observed clinical picture: the onset of symptoms of intestinal
upset before the onset of clinical signs of pneumonia [28, 29].

Entering the gastrointestinal tract of viral particles in an amount equivalent to ~ 10'°-10™ copies of
viral RNA will obviously be accompanied by infection of the intestinal epithelium and accumulation of the
virus in the intestinal lumen in an amount proportional to the number of cells susceptible to the infection,
multiplied by their secretory and protein-synthetic activity. Similar mechanisms of cross-infection of both
the intestine and the lungs have been described, for example, in rhinovirus infection, coronavirus OC43
infection [30].

A very large area of the mucous membrane of the gastrointestinal tract (~ 100-300 m?), combined

with a high activity of protein synthesis, cell division (which should contribute to the formation of large
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amounts of viral particles), with a very high rate of mucosal renewal (48-72 hours) and elimination contents
of the gastrointestinal tract. In comparison with the gastrointestinal tract, in the lungs, the respiratory
epithelium is renewed approximately every 22-35 days [11]. It results in lower rate of the protein synthesis
in the tissue. At the same time, the histological structure of the alveoli implies the rate of purification of their
contents, comparable to the rate of synthesis of biopolymers and desquamation of cells of the respiratory
epithelium into the lumen of the alveoli.

Thus, the most obvious presence of a local infection phase, accompanied by long-term localization of
SARS-CoV-2 viral particles on the mucous membranes of the nasopharyngeal region an /or intestine, but not
in the lungs, where antigen presentation should be accompanied by the formation of 1gG.

As follows from our model, the concentration of the virus in the lungs increases more slowly than in
the intestine and nasopharynx (Figure 4-6). It is noteworthy that the maximum amount of virus in the lungs
is 5-10 times less (due to the lower anabolic activity of the respiratory epithelium and the endothelium of the
blood vessels of the lungs). On the other hand, in our model, the concentration of SARS-CoV-2 in the lungs
remains at a consistently high level for longer than in the nasopharynx and intestines. This fact is due to the
lower rate of lung self-renewal.

The analysis of research published data and conducted model simulation have prompted us to pose
the question: is the presence of SARS-CoV-2 in the lungs a consequence of hematogenous transport of the
viral particles from the intestine, or is it mainly the result of independent reproduction of the virus in the lung
tissue?

The presence of a viral agent in the gastrointestinal tract is an established fact [31-33]. Long-term
persistence of the virus in the intestine [33] is possible only when the virus reproduction rate is comparable
to the rate of renewal of the intestinal contents. The earliest signs of COVID-19, accompanied by nausea and
sometimes diarrhea [31-32], are also possible if the viral agent enters the intestines earlier than the lungs [31,
34]. The very fact of the presence of the virus in samples of intestinal contents is not associated with the
severity of the damage to the respiratory system [33, 34]. It should be borne in mind that the most likely
accumulation of the viral agent in the small intestine, therefore, signs of diarrhea (detected, on average in
50.5% of cases [32]) maybe absent due to the absorption of exudate formed in the small intestine. For the
same reason, it is possible to reduce the number of viral particles and the copy number of viral RNA (detected
in 48.1% of cases [35] under the action of enzymes (proteases, RNases and lipases), including those of
bacterial origin. Accordingly, the accelerated passage of food masses through the intestine should increase
the likelihood of detecting viral RNA by PCR in the presence of diarrheal syndrome [35]. The copy number
of SARS-CoV-2 genomic RNA in stool samples ranges from 1x10? to 1x10® copies/ml [36] depending on
the presence of the diarrhea, respectively. If we estimate the volume of daily excretion of intestinal contents


https://doi.org/10.20944/preprints202203.0369.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 March 2022 d0i:10.20944/preprints202203.0369.v1

with a mild form of diarrheal syndrome> 700 ml / d, then the daily production of the virus should exceed
7x10'! copies.

The concentration of viral RNA and viral particles in experiments with transplanted cell cultures is
9.6x10° and 5.2x10° [27]. Most likely, PCR of intestinal contents gives underestimated amounts of RNA
compared toh the results of PCR testing of the upper respiratory tract, due to the accelerated degradation of
viral RNA by intestinal RNases. For the same reason, when modeling, one should consider the number of
viral particles, which are underestimated by three orders of magnitude, relative to the literature data, with the
exception of the intestine (this is due to the high rate of degradation of RNA molecules in the intestine).

Experiments with transplantable cultures of human intestinal cells in vitro show the production of the
virus 2-8x107 GE/ml, that corresponds to the production of 3.5x10°% GE / ml per day. If we recalculate the
production of the virus per 200-300 m? of the mucosal area, then the production of the virus should be up to
4.2x10' GE/day. It is worth to note that estimates of the gut viral production based on different data sources
differ by three orders of magnitude. However, long-term persistence of the virus in the intestine [37], lasting
up to 5 weeks, implies the rate of viral reproduction, limited by the rate of renewal of the intestinal mucosa.
It follows from this that a comparable amount of virus in the lungs can be provided only by a slow rate of
elimination of viral particles from the alveoli, since the rate of renewal of the respiratory epithelium is lower
than in the intestine, more than 10 times. In this regard, with a comparable efficiency of the transport of viral
particles into the efferent blood vessels and lymphatic pathways in the lungs and intestines, one can argue
about at least 10 fold more active intake of viral agents from the blood into the lungs than the spread of viral
particles with blood from the lungs along the large circle of blood circulation to all organs. Consequently, an
intense contact of the viral agent occurs earlier with the intestinal immune system, and not the lungs. For this
reason, our model is characterized by: 1) primary infection of the nasopharyngeal region (gate of infection)
and 2) higher rate of transport of the viral particles from the nasopharyngeal region to the intestine compared
to the transport rate of the particles from the intestine and nasopharyngeal region to the lungs.

Furthermore, we have also simulated the adaptive immune responses. The time onset of the immune
response differs in modeled compartments. Firstly, immunocompetent cells recognizing SARS-CoV-2
antigens produce in the nasopharynx and regional lymph nodes . Due to the fact that the accumulation rate of
immunocompetent cells obeys a power-law function, the lymphatic system of the nasopharynx that will be
the primary source of Th2 CD4+ T lymphocytes for both the respiratory system and the whole organism. As
viral particles enter the intestines and lungs, differentiation and proliferation of T- and B- lymphocytes in the
lungs and lymph nodes of the lungs, bronchi, and mediastinum should be expected. In our model, we consider
the formation of adaptive immune response in the lungs the 9th day post- infection. The time onset of local

antiviral reactions of the adaptive immunity in the intestine is supposed to be at14 days post infection, after
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the formation of a systemic immune response or the migration of a critical mass of the lymphocytes from the
lungs and nasopharynx to the intestine (Table 1).

In this model, the formation of an immune response is limited to 5 days separately for the studied
compartments and implies the death of infected cells. Since the primary infection and accumulation of SARS-
CoV-2 occurs in the nasopharyngeal region, it seems clear that the primary immune response is generated in
the nasopharyngeal region.

Since initially all antigen-specific T-lymphocytes passing through the afferent lymphatic ducts pass
through the pulmonary circulation, their influence on the formation of an adaptive immune response in the
lungs should be considered maximum, and in the intestine - minimum. For this reason, the immune system
of the nasopharyngeal region and regional lymph nodes, as we assume, is the most important element in the
formation of an immune response both at the initial stage of infection and at the stage of development of viral
lung damage. Since the pathology of the lungs is associated with the damaging effect of cells of the immune
system (lymphocytes, macrophages and neutrophils) - the nasopharynx is the most important source of these
cells [38, 39].

The applied significance of our model is the need for local therapy of a viral infection, in
compartments with a potential maximum rate of reproduction of viral particles, at least at the initial stage of
the infectious process [Table No. 3].

The created model implies a relatively low intensity of the spread of the virus through the lung tissue,
considering the nasopharynx and intestines as the main sources of the viral agent in the body, incl. and for
the respiratory system. Therefore, a decrease in the viral load only in the nasopharynx or only in the intestine
is not able to affect the viral load in the lungs, but should significantly change the nature of immunological
reactions in the lungs, at the initial stages of the infectious process. However, the nature of the formation of
the immune response in these compartments can be diametrically opposite (proliferation and transport of T-
suppressors and T-helpers, respectively), therefore, the order of reaching peak concentrations of SARS-CoV-
2 (depending on local immunoreactivity, mucosal integrity, efficiency transport SARS-CoV-2, the dose of
infection) in the nasopharynx and intestines theoretically can be the main factor causing the development of
immune-mediated damage of the vessels and respiratory epithelium of the lungs, or the asymptomatic course
of COVID-19.

An important factor in our model that limits the reproduction of a viral agent in body tissues is the
specific proportion of sensitive cells (fi ). Obviously, under the real conditions of a living organism, the death
of the organism will occur before the amount of f; is reduced to values that limit the reproduction of the virus.

In any case, this may concern the vascular endothelium and the respiratory epithelium. Accordingly, the ratio
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of the virus replication rate y; and the rate of degradation of viral particles &; is not at the equilibrium point,
in our model. For this reason, a shift in the dynamics of virus accumulation in the body under the influence
of adaptive immunity reactions becomes possible only at values of 6 and € ~1.0 . This feature of the model
brings it closer to modeling a viral infection and the antiviral effect of antibodies in cell culture. A closed cell
culture system also makes it possible to suppress a viral infection only with 100% inactivation of viral
particles by virus-neutralizing antibodies. It is obvious that the very fact of the constant elimination of viral
particles in the body (washing out of viral particles from the mucous membranes, destruction under the action
of enzymes, etc.) should significantly increase the effectiveness of the sanitation of the mucous membranes
from the virus both with drugs and antibodies.

As follows from the data the effect of virucidal substances [40-44] on coronaviruses in the intestinal
lumen [40, 41] was accompanied by a decrease in the intensity of lung damage [40]. These facts show the
importance of reducing the hematogenous transport of viral particles from the intestinal lumen to the lungs.

The simulation results allow us to state that the sanitation of the mucous membranes of the
nasopharynx of the gastrointestinal tract at the initial stage of the infectious process, with the participation of
adaptive immunity reactions, has prospects for use in medical practice.

Conclusion: Comparison of the published data on SARS-CoV-2 concentration in the lungs,
nasopharynx and intestines with the mass of these organs and the intensity of synthetic processes in mucosal
cells suggests that the relatively high concentration of this virus in the lungs is not due to intensive
reproduction of viral particles. It is rather enabled by slower process of their destruction / elimination in the
lungs compared to the nasopharynx and intestines. The relatively low concentration of SARS-CoV-2 in
tissues implies an essential role of the transport processes and redistribution of the virus in the body from the
compartments with intensive reproduction of the virus (nasopharynx and intestines) to organs and systems,
where the entry of the virus can create life-threatening conditions (lungs). The results of the model simulations

show that the intestine and nasopharynx, as a source of SARS-CoV-2 for the lungs, are equivalent.
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